The intense vibration of a roadheader rotary table damages the cutting system of the roadheader and reduces the efficiency. This paper analyzes the vibration of a rotary table by combining the finite element model with tested data from an underground coalmine. First, the force of the rotary table during the cutting procedure was analyzed, and the finite element model was built using Pro/E and ADAMS. The tested data were then imported into the model after selection, procession, and combination were conducted. Next, the six lowest-order parameters of the rotary table were calculated. A vibration analysis of the rotary table under certain working conditions was conducted, and the results were compared with those from a modal experiment using a single-point excitation method. According to the comparison between the simulation result and experiments, it is clear that this method is both reasonable and feasible. And it could supplement the theoretical foundation of the analysis of other roadheader components, providing reference for the improvement of the structure and dynamic properties of a roadheader. In addition, other vibration components of a roadheader such as the cutting head and the cutting arm could also be analyzed through the proposed method, with very reliable precision.
Introduction
A roadheader is the most important piece of equipment in the deep mining industry for excavating a roadway. Its reliability and efficiency are crucial to the production efficiency of the deep mining. The breakdown of the roadheader would lead to the interruption of the roadway tunneling. According to statistics, most problems in a roadheader are caused by vibration, particularly in the cohesive components. During the cutting process, severe irregular vibration can be caused by a nonuniform work medium, varying degrees of hardness, and irregular shape of the rock [1] [2] [3] [4] . These vibrations have a direct effect on the cutting arm, and the rotary table is the bridge between the cutting arm and body. Therefore, the rotary table plays an important role in the roadheader. The rotary table is usually impacted by a complex and variable load, which could lead to the fatigue cracking [5] . Therefore, the present research focuses on an analysis of roadheader vibration with an aim to control any harm occurring from such vibration. Moreover, via the analysis of the vibration of the rotary table, vulnerable spots could be located which could be helpful to the improvement of reliability and stability of the roadheader [6] .
There are a lot of vibration analysis methods, such as the bond graph theory method, but the working condition of the deep mining is very special compared with other fields [7] . Aiming for a more accurate analysis, some researches have discussed the vibration different components of a roadheader working in the deep mining. A virtual prototype [8] was employed for simulating a vibration model of roadheader cutting head, and the load of the cutting head was calculated based on a theoretical method imported into the finite element model. An analysis of the dynamics of the cutting arm and a simplified 3D model using SolidWorks was also table on a roadheader and the general rotary table structure. described [9] , where ADAMS was used for a simulation of the simplified model. A force analysis and kinetic equations of the roadheader under deep mining working conditions were proposed [10] , and, to simplify the calculation, some insignificant variables and coefficients were ignored. A roadheader EBZ135 working in deep mining was also modeled using virtual prototype technology [11] , and the force and vibration of its rotary table were simulated using ADAMS.
Modal analysis theory has increasingly been matured in recent years, and the use of different software has become widespread. This progress allowed the researches above to employ such techniques in their vibration analyses. However, a simulation and analysis based on software are unable to match the actual working conditions of a roadheader [12] . Owing to a lack of actual data from actual working conditions, little research has applied actual data to a modal analysis of vibration. This paper aims to analyze the vibration of the rotary table of a roadheader to put forward an accurate vibration analysis method of the equipment used in an underground coalmine.
In the following sections, a vibration model of a rotary table built using Pro/E is described, along with the actual data from the coalmine that were collected, filtrated, and imported into the model. Based on an actual modal analysis and the above data, a simulated vibration model of a rotary table load was built. The vibration characteristics were then analyzed through a vibration simulation. Finally, the simulation results were compared with the modal experiment. The results of a comparison between the simulation and experiment indicate that the vibration characteristics of a rotary table are reliable and reasonable. Table. A rotary  table is a structural component connecting the cutting arm and body of a roadheader [13, 14] . It has a significant influence on the reliability and stability of the complete machine. A general rotary table is composed of a revolved body, slewing bearing, and two symmetrical rotary cylinders, as shown in Figure 1 . In Figure 1 (a), 1 is the cutting head, 2 is the cutting arm, 3 is the hoist cylinder, 4 is the rotary table, and 5 is angling cylinder. In Figure 1 (b), 1 is the rotary body, 2 is the rotating support, and 3 is the angling cylinder.
Analysis of Force and Structure

Introduction of Roadheader and Rotary
The cylinders provide a drive force to revolve the rotary table, thereby allowing the cutting arm to revolve when excavating a roadway. The rotary table and body are connected Figure 2 . Here, is the rotational angle of the rotary table, and 1 is the force of the first cylinder. The direction of 1 is the same as that of the two hinge joints of the first cylinder, as is that of 2 . In addition, is the distance between the rotation center and the hinge joint of the cylinder, 1 and 2 are the lengths of these two cylinders when is not zero, and is the force produced by the vibration. Under the action of , is the dip angle of the cutting arm. Thus, the moment of the center of gyration can be described as 1 = * ( * cos + ) .
(
In (1), is the horizontal distance between the rotation center and hinge joint of the cutting arm. Based on the law of cosines, (2) can be written as
When the rotary table rotates around , the law of sines can be employed in the triangle connecting the two hinge Shock and Vibration 3 joints and the rotary table center. In addition, Ψ and are the angles between one of the cylinders and the line connected by the center and one of the hinge joints, as shown in Figure 2 .
Thus, (3) can be written as
If the rotary table rotates uniformly around the center of the gyration, the direction of the contact force between the rotary table and the frame points toward the center of gyration. The moment provided by the contact force is 0. According to moment balance, the moment provided by the cylinder is equal to the moment of . Thus, the moment of the angled cylinder is shown through
The force provided by the cylinder can be calculated based on the product of the cylinder pressure and the effective piston area. The braced force of the cylinder is in direct proportion to the effective piston area. In addition, 1 is the effective area of the cylinder, which can be calculated through the piston area minus the piston rod area, and 2 is the piston area. Thus, (5) can be obtained as follows:
Based on (4) and (5), (6) can be obtained as
According to (6) , when the rotating angle is certain, 1 is in direct proportion to 1 , and when is constant, is zero, and 1 reaches the maximum level.
Model of Vibration
Three-Dimensional (3D) Solid
Model. During the cutting of the roadheader, the swing of the cutting arm is driven by the rotation of the rotary table [15] . The resistance and impulse load caused by cutting the coal may be transmitted from the cutting head and arm. To simplify the calculation, some unimportant parts are dismissed, and a solid model of the rotary table, as shown in Figure 3 , could be developed.
Selection and Import of the Vibration Data.
To record the data of the roadheader vibration, the state parameters and position angle of the roadheader working in the excavation face of an underground coalmine are recorded [16, 17] . Taking the work period of the roadheader as an example, the time series of the cutting head and load can be calculated, as shown in Figure 4 . The monitoring period is 1,000 s. According to the relationship between the time and torque, the load amplitude increases distinctly during this time period. In addition, during this time period, the force amplitude in the -axis and -axis also increases, and the impulse load and vibration of the roadheader are the most severe. At this time, a breakdown of the rotary table and other vulnerable parts can easily occur. Therefore, the simulated load data should be selected from this time period.
Because the sampling frequency is 1 Hz during the cylinder pressure measurement, the time series of the cutting head is unable to be applied during the simulation. Therefore, the data are selected and fitted by linear least square method for use in the vibration simulation.
After the load is imported, the force of the joints hinged to the rotary table, the cutting arm, and the cylinder are measured using ANSYS. The load on the rotary table under the working conditions can then be obtained. Based on an analysis of the rotary table, when is 20 ∘ , is −15 ∘ , the pressure of the hoist and rotating cylinders is larger, and the force condition is complex. The force and torque are larger than at any other position angle, and this is therefore a typical case for the vibration analysis of a rotary table.
Taking the two hinge joints of the rotating cylinder and the table as examples, the force changes over time, as shown in Figure 5 .
The force of all six marked points is processed using FFT, and the power spectrum density (PSD) and phase curves could be obtained for import into the vibration model of ADAMS. This could be regarded as the excitation load of the rotary table vibration model.
Vibration Model.
The parameters of the roadheader simulated in ANSYS are shown in Table 1 . In the finite element model of the rotary table, the RBE2 rigid constraint units are used. The degree of freedom (DOF) of the underside node and pins of the rotary table is constrained. The finite element model after the constraint is then analyzed, and the exported modal neutral file is imported into ADAMS [18] . Based on the MNF document and flexible body port, the vibration model is built using ADAMS, and the finite element and vibration models are developed, as shown in Figure 6 . In the vibration model, the rotary table rotates around the center at a 20 ∘ angle. The rotating center and frame are linked using fixed joints, and the 6 DOFs of the center are constrained. The excitation points of the three different force directions are settled at the hinge joints between the cylinder and cutting motor. The monitoring points are marked near the hinge joints and vulnerable points. All of the vibration excitation is imported into the input channel for a vibration analysis. The frequency range of the excitation is 0 to 100 Hz, with load steps of 500.
In the finite element model of the rotary table, displacement of the nodes is not constrained. After the modal analysis, the modal frequency and corresponding vibration mode could be obtained. The first six-order frequency and vibration modes under free conditions are shown in Figure 7 . Figures  7(a)-7(f) are the first 6 orders' vibration mode simulation pictures. The detailed description of the transformation and frequency is provided in Table 2 . It introduces the detailed vibration amplitude, location, and inherent frequency of the first 6 orders. 
Analysis of the Vibration.
In the vibration of a rotary system, an excitation force occurs on every hinge joint in 3 directions. Every exciting force corresponds to an input channel, and the response from every output channel varies. In a linear system, the response of every channel is a summation of every force response in the corresponding channel. The PSD of the output channel is shown in Figure 8 . According to Figure 8 , the PSD reaches its maximum level when the frequency is 1.5, 3.9, 7.1, 8.3, or 14.5 Hz. The vibration response of the rotary table contains a greater amount of vibration energy when the frequency nears these points. At the same frequency, the vibration amplitude is also larger. The reaction of the vibration performance in the frequency domain could be reflected based on the frequency response, as can the relation between the input and output.
Because a rotary table is symmetric, the frequency response of the sum of excitations of the symmetrical points is similar. The amplitude curves of the symmetrical point frequency response are shown in Figure 9 .
Shock and Vibration 7 When all of the channels are excited, the amplitude of the frequency response function increases from 0 to 20 Hz. When the frequency is greater than 20 Hz, there is a sharp decrease in this large amplitude. A minor response of the rotary table also occurs when the excitation frequency is greater than 20 Hz. When the frequency is similar, the amplitude of the points near the two arms and cylinder hinge joints is larger, and that of the undersurface of the rotary table is minimal. The largest vibration parts of the rotary table are the most vulnerable parts. When the frequency is 4 or 14.6 Hz, the response amplitude is larger than that at a frequency of 10 Hz.
Vibration Modal Tests
To verify the accuracy of the analysis method, vibration modal test of a EBZ-160 roadheader rotary table was conducted [19] . The experiment system used in the modal tests consisted of an excitation system, a measurement system, and an analysis system, as shown in Figure 10 .
In this modal experiment, the excited system included an exciting hammer and force sensor. The force sensor was installed inside the hammer, and thus the input exciting signal could be measured directly when the hammer knocked the rotary table. An acceleration sensor was installed at the measurement point of the rotary table, and the response at every point could be measured. Both the exciting signal and the response could be recorded concurrently using a signalcollection device.
Because a vibration analysis using software is under free conditions, the modal parameters of the rotary table during these tests should also be under such condition [20] . To imitate the free condition of the rotary table, it was hung up using a crown block. For safety reasons, the upholder was laid on the ground. During the test, the hammer method was employed for the excitation. Because of the relatively lower weight of the rotary table, any additional weight would be influential. Therefore, the hammering method was applied for this test. Moreover, the method is convenient for experimentation.
The selection of the hammer is a fundamental aspect of this method. Because the stiffness of the rotary table is large and only low-frequency vibration and low modality need to be analyzed, a nylon hammer was chosen for this experiment. Thus, the type and parameters of all the instruments in this experiment are as shown in Table 3 .
During this experiment, as many response and excitations points as possible were applied, and the measurement points were evenly arranged. More measurement points were arranged in the vulnerable area, as determined based on the breakdown statistics available, so as to reduce any modal leaks. The marks on the rotary table and measurement points on the DASP are shown in Figure 11 .
There were four excitation points on the rotary table. One point was in the horizontal direction ( -axis) at point 46. Another was in the axial direction ( -axis) at point 1. The remaining two points were in the vertical direction at points 14 and 26. During the experiment, the excitation points were knocked. Meanwhile, the acceleration sensors were moved in batches, and, in this way, 62 points could be covered. The coefficient of association of the target frequency range should be close to 1. When the coefficient did not satisfy this requirement, the step was repeated until a satisfying result was obtained. For a quality hammer excitation, the hammer needed to be perpendicular to the plane of the excitation point, knocking the point quickly and being quickly brought back. In addition, the excitation force needed to be averaged over three attempts to avoid random errors as much as possible. All of the data were then recorded. The data were processed using DASP and then fitted through PolyIIR. The vibration order was determined based on a stabilization diagram. Finally, the vibration mode of the modal, the frequency, and the damping ratio were obtained.
Results and Discussion
A description of the transformation and frequency is provided in Table 4 , and a comparison between the experiment and simulation is shown in Table 5 .
The vibration mode, frequency, and damping ratio determined through the experiment results correspond to the simulation results. However, there is a clear distinction in the vibration mode between the simulation and experiment. The simulation was unable to recognize the lower right and left upper side vibrations of the rotary table. Although both the simulation and experiment made use of free conditions, a difference in the assembly and constraint remained. The simulation was based on the actual assembly conditions, and hinge pins were used. Therefore, the vibration of the hinge pins in the adjacent area was restricted to a certain extent, and thus this type of vibration cannot be recognized through a simulation. As a result, despite some subtle distinctions, the consistency between the simulation and experiment is clear, and thus this type of analysis approach can be deemed reasonable and feasible for this particular equipment.
Conclusions
According to the simulation results for the first six vibration modes, as well as the frequency, damping ratio, and the corresponding experiment results, the vibration of a rotary table in a roadheader used in an underground coalmine was determined. A vibration model of the rotary table was created, which includes the data collected from the underground coalmine. A simulation of the vibration was then conducted using ADAMS, leading to solved terms regarding the vibration mode, frequency, and damping ratio.
(1) This study introduced a vibration model and test data imported into an analysis of the rotary table vibration, the results of which were shown to correspond with the modal experiments. The dominant frequency of the rotary table vibration response is determined by this method.
(2) Based on the above analysis, it could be concluded that the amplitude of the points near the two arms and cylinder hinge joints are the largest area of the rotary table. The vibration of the rotary table undersurface is the minimum. Compared with the common breakdown of the rotary table, the breakdown area of the rotary table is corresponding to the largest vibration points determined in this study. Therefore, this type of vibration analysis is reasonable and feasible. In addition, the tested data from the underground coalmine is developed to a greater extent to be analyzed.
(3) The vibration energy during cutting could be transferred by the cutting head, cutting arm, and rotary table. According to the vibration analysis of the rotary table, the vibration elimination parts could be located. According to the vibration analysis, the vulnerable parts of the rotary table could be determined and predicted. During the design and manufacturing, these vulnerable parts could be reinforced or improved by structure optimization and vibration reduction measures.
(4) As a further step, when applying a vibration model and tested data to the rotary table vibration, other vibration components of a roadheader such as the cutting head and the cutting arm could also be analyzed through the proposed method, with very reliable precision. In addition, optimization of the components can be achieved based on the analysis presented herein. Based on this vibration analysis method of different components of a roadheader, the cutting efficiency, stability, and cost could be improved in some degree.
Some relative conclusions found through the analysis of the vibration can be summarized as follows:
(1) There are still some differences between the simulation and experiment results, and a modal experiment would be more reliable if it could be carried out under real working conditions.
(2) The vibration mode, frequency, and damping ratio of the rotary table of a roadheader applied in the experiment depend on the excitation time, intensity, knock angle, and other factors, so it is not accurate completely. For a better correspondence between the simulation and experiment results, the knocking approach will require several attempts.
Nomenclature
ADAMS: Automatic Dynamic Analysis of
Mechanical Systems Pro/E: Pro/Engineering FFT:
Fast Fourier Transformation PSD:
Power spectrum density ANSYS: Software of finite element analysis RBE2:
The 2nd rigid binding element in ANSYS; the load is transmitted by the parasite displacement DOF DOF:
Degree of freedom MNF:
Modal neutral file DASP: Data Acquisition and Signal Processing PolyIIR: Infinite impulse response filtering model algorithm.
